INTRODUCTION
Prokaryotes (Bacteria and Archaea domain) mediate most of the biogeochemical cycles and play an important role in the removal of the chemical pollutants in the aquatic ecosystems (Falkowski, Fenchel and Delong 2008; Newton et al. 2011; Nelson, Martiny and Martiny 2016) . Mounting evidences suggest that the variations in the prokaryotic taxonomic composition (PTC) often lead to changes in the community function (Allison and Martiny 2008; Fukami et al. 2010) . Therefore, a thorough understanding of the biogeographic distribution of the aquatic PTC and the factors driving these distributions are of particular importance to understand the processes of aquatic ecosystem and their vulnerability to the environmental change or disturbance (Nemergut et al. 2013) . Rivers represent a critical part of the renewable water resources and play a paramount role in the material transport from terrestrial to the oceanic ecosystem (Shiklomanov 1998; Vörösmarty et al. 2010) . Despite such importance, PTC in the fluvial environment was only explored at a very coarse resolution level in comparison with the lacustrine microbiome for a long time (Zeglin 2015) .
Numerous studies have demonstrated that the PTC exhibits seasonal succession across variety of aquatic environments including lakes (Yannarell et al. 2003; Shade et al. 2007) , rivers (Crump and Hobbie 2005; Crump et al. 2009 ), estuaries (Kan et al. 2006) and oceans (Gilbert et al. 2009 ) at the temporal scale. However, in small ponds or streams, PTC may not show clear patterns of seasonal changes on account of the high environmental heterogeneity and the site-specific effects (Portillo, Anderson and Fierer 2012; Ostman and Langenheder 2013) . Generally, it is recognized that such variations are closely associated with the changes in the contemporary environmental conditions (e.g. temperature, pH and dissolved oxygen (DO)), available resources (e.g. inorganic nutrients and organic matter), biotic interactions (e.g. species-species associations) and hydrological and climatologic variations (Shade et al. 2007; Crump et al. 2009; Gilbert et al. 2009; Kara et al. 2013; Meziti et al. 2016) . On the other hand, at the spatial scale, the shift in aquatic PTC across geographic distances, mainly, due to the influences of the environmental filtering and dispersal limitation, was also commonly observed elsewhere (Yannarell and Triplett 2004; Hu et al. 2014; Langenheder et al. 2016; Nino-Garcia, Ruiz-Gonzalez and del Giorgio 2016) . In particular, PTC in the transition zone between river and ocean has a tendency of high spatial variability (Fortunato et al. 2012; Jeffries et al. 2016) . In such areas, the mixing of fresh and marine water can result in dramatic changes in the environmental conditions (e.g. salinity, pH, nutrients and suspended particulate matter) (Brannock et al. 2016; Jeffries et al. 2016) . Moreover, recent literature has also argued that studies at the functional level (whole or specific functional profiles) are indispensable to get a better understanding of the relationship between community function and the environmental changes considering the frequently observed decoupling between PTC and metabolism (Burke et al. 2011; Raes et al. 2011; Nelson, Martiny and Martiny 2016; Louca, Parfrey and Doebeli 2016) . The advancement of high-throughput sequencing technologies as well as 16S rRNA gene based-function predication tools, such as taxonomybased (e.g. METAGENassist) (Arndt et al. 2012) or gene-based (e.g. PRICUST) (Langille et al. 2013) approaches, has the potential to enhance our insight of the mechanisms underlying the assembly of riverine prokaryotic communities at taxonomic and functional levels, simultaneously.
Most of the studies, investigating the spatio-temporal distribution of aquatic PTC, have focused mainly on the whole community level (Savio et al. 2015) . However, local prokaryotic species within a meta-community could be divided into different ecological assemblages (i.e. core or satellite taxa) in view of their potential importance for the community function (Unterseher et al. 2011; van der Gast et al. 2011; Jeanbille et al. 2016; Lindh et al. 2017) . The partitioning of core and satellite taxa is often conducted on the basis of abundance and occurrence of each taxa (Hanski 1982; Magurran and Henderson 2003) . The core group, which prominently contributes to the community function, is composed of the dominant species that are locally abundant and widely distributed (Fuhrman 2009; Lindh et al. 2017) , whereas the satellite taxa, which is supposed to form a seed bank of biodiversity, occurs in low abundance at a small number of locations (van der Gast et al. 2011; Lindh et al. 2017) . Previous studies have suggested that the assembly of the core and satellite communities was primarily under the regulations of deterministic (environmental filtering and biotic interactions) and stochastic (dispersal limitation and demographic drift) processes, respectively (Ulrich and Zalewski 2006; van der Gast et al. 2011; Barnes et al. 2016) . Collectively, the findings of these studies have suggest that in-depth analysis of the core and satellite communities in the fluvial ecosystems was essential to gain deeper knowledge of the ecological principles driving prokaryotic communities, not only concerning biodiversity but also the key taxa which are important to ecosystem function.
Yongjiang River Watershed (YRW), which is located in Zhejiang Province in eastern China, has a catchment area of 5540 km 2 , and consists mainly of Yuyao, Fenghua and Yongjiang Rivers (Fig. S1 , Supporting Information) (Zhao and Yang 2009) . YRW has been under the threat of eutrophication for a long time due to the anthropogenic discharges of nutrients and changes in hydraulic structure (e.g. dam construction) (Zhao and Yang 2009 ). Furthermore, due to much lower river runoff relative to the tide flows, salinity intrusion pose adverse effects on the environmental quality of the YRW, especially for Yongjiang River (Zhao and Yang 2009; Zhang et al. 2015) . Thus, the YRW, with the unique characteristics mentioned above, can serve as an ideal system for addressing the previous issues on the lotic ecosystems. Because the chemolithotrophic ammonia-oxidizing prokaryotes (i.e. ammonia-oxidizing bacteria (AOB) and archaea (AOA)) mediate the first rate-limiting step of nitrification-ammonia oxidation, they play a key role in the removal of human-produced reactive nitrogen in aquatic ecosystems, especially in eutrophic water bodies (Kowalchuk and Stephen 2001; Nicol and Schleper 2006) . Zhang et al. (2015) investigated planktonic AOA and AOB in the YRW, and found that salinity, DO and ammonium are the main factors that shape their activity and community composition. In addition, in an earlier study, it was revealed that the composition and structure of prokaryoplankton communities in the convergence area of Yuyao, Fenghua and Yongjiang Rivers (26 km away from the mouth of Yongjiang River, see Fig. S1 ) were highly influenced by salinity intrusion (Hu et al. 2015) . Despite the useful information gained from these studies, the knowledge on the distribution of YRW prokaryotic taxonomic and functional (i.e. metabolic phenotypes) structures, as well as its driving forces, was still fragmented and patchy because of either limited sampling efforts or sampling times in the abovementioned studies. This study was aimed to obtain an in-depth understanding of the assembly of the prokaryotic communities in the YRW at taxonomic and functional levels and their response to spatio-seasonal environmental changes. We specifically addressed the following questions: (i) Do the core and satellite communities exhibit differences at the taxonomic or functional levels? (ii) Do the biogeographic distribution patterns of the whole, core and satellite communities vary between the taxonomic and functional levels? (iii) What ecological processes (deterministic and stochastic) are involved in driving the assembly of the whole, core and satellite communities at taxonomic and functional levels? To this end, 16S rRNA gene high-throughput amplicon sequencing was employed to profile the prokaryotic community composition, and taxonomic-based autoannotation pipeline (METAGENassist) was used for the prediction of community functional traits (i.e. metabolic phenotypes) (Arndt et al. 2012) . The distribution of AOB and AOA was also explored, considering their potential significance in the nitrogen cycle of the eutrophic YRW (Zhang et al. 2015) .
MATERIALS AND METHODS

Sample collection and determination of environmental parameters
Yuyao and Fenghua Rivers converge into Yongjiang River at the downtown area of Ningbo City, Zhejiang Province, China (Fig. S1 ). In order to prevent the salinity intrusion, Yuyao River Dam was constructed at the downstream of Yuyao River in 1959 (Zhao and Yang 2009 ). Overall, a total of 29 surface water (∼0.5 m depth) samples were collected from the YRW during the spring (9-10 April) and fall (27-28 October) seasons of 2014 (Fig. S1 ). Temperature, pH, electrical conductivity (EC), total dissolved solids, and DO and DO saturation (DO%) of the river water were determined in situ using a YSI-650 MDS meter (YSI, Yellow Springs, OH, USA). For the nutrient analysis, ∼300 mL surface water was collected from each station, filtered through 0.45 μm pore-size cellulose membranes (Millipore, Bedford, MA, USA), and frozen at -20
• C until analysis. The concentrations of NH 4 -N, NO 2 -N, NO 3 -N, total nitrogen (TN), soluble reactive phosphorus (SRP), and total phosphorus (TP) were determined by using a flow injection analyzer (QC8500, Lachat R , Loveland, CO, USA). The dissolved inorganic nitrogen (DIN) defined as the sum of NH 4 -N, NO 2 -N, and NO 3 -N. For molecular analysis, water samples (500-1000 mL) were filtered through 20 μm mesh (Millipore, USA) for removal of the large plankton and particles, and subsequently through a 0.22-μm pore-size Sterivex-GP filter (Millipore, USA). The filters were stored at -80
• C until analysis.
DNA extraction and 16S rRNA amplicon high-throughput sequencing DNA was extracted using the FastDNA for soil kit (MP Biomedical, Santa Ana CA, USA) according to the manufacturer's instructions, except that the beating speed was set to 5.5 m/s for 90 s to enhance the cell breakup (Santoro, Casciotti and Francis 2010) . The universal primer pair 515F (5 -GTG YCA GCM GCC GCG GTA-3 ) and 907R (5 -CCG YCA ATT YMT TTR AGT TT-3 ) was used to amplify the V4-V5 region of the prokaryotic 16S rRNA gene (Quince et al. 2011) . PCR reaction was performed under the condition of 95 • C for 3 min followed by 30 cycles of 95
• C for 45 s,
50
• C for 60 s, 72
• C for 90 s and 72
• C for 10 min. The triplicate PCR products were pooled and purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). The amplicons were mixed in equimolar concentrations and sequenced in the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) on the MiSeq platform (Illumina Inc., San Diego, CA, USA) with pairedend strategy (2 × 300 bp). The reads generated in this study were deposited in the NCBI short reads archive (SRA) database under BioProject number PRJNA328565.
Sequencing analysis
The raw paired-end reads were quality trimmed by using Trimmomatic v0.30 (Bolger, Lohse and Usadel 2014) , and combined using FLASH software (Magoč and Salzberg 2011) . The assembled contigs were subsequently analyzed by using QIIME v1.8.0 (Caporaso et al. 2010) . The reads which had ambiguous bases and mismatches to the barcode or primers or chimeric characteristics were discarded. The high-quality contigs were clustered into operational taxonomic units (OTUs) at the cutoff of 97% identity using an open-reference OTU picking pipeline with USEARCH (Edgar 2010) . The singleton was removed for downstream analysis. The taxonomic classification was performed using RDP classifier with the Greengenes database v13.8 (McDonald et al. 2012) , at a bootstrap cutoff of 80%. The OTUs, taxonomically classified into genera Nitrosomonas (Nitrosomonadaceae), Nitrosospira (Nitrosomonadaceae), Nitrosovibrio (Nitrosomonadaceae), Nitrosolobus (Nitrosomonadaceae) and Nitrosococcus (Chromatiaceae), were designated as AOB (Prosser et al. 2014) . Given the poor taxonomic classification of AOA in the Greengenes database, the putative AOA OTUs were identified using the BLASTn algorithm (e-value of 1 × 10 −10 , at least 97% identity and 100% coverage) with a local custom database which contained 16S rRNA gene sequences of 42 thaumarchaeal isolates belonging to genera Nitrosopumilus, Nitrosoarchaeum, Cenarchaeum, Nitrosopelagicus, Nitrosotenuis, Nitrosotalea, Nitrososphaera and Nitrosocaldus (Fig. S2 , Supporting Information) (Hu et al. 2016) . Moreover, the putative functional profile of YRW prokaryotic communities was analyzed by mapping taxonomy into certain metabolic phenotypes using METAGENassist (Arndt et al. 2012) . Only the metabolic phenotypes which had been detected in more than 50% of the samples were included for further analysis.
Statistical analysis
Principal components analysis (PCA) was used to show the spatio-temporal pattern of the environmental variables. A chisquare test of the index of dispersion was used to partition the prokaryotic OTUs into the core and satellite groups following the method described by van der Gast et al. (2011) . The niche breadth index was calculated for core and satellite taxa using the Levins approach (Levins 1968) . Species with higher values of niche breadth index can occur in more habitats (i.e. samples) than those with lower values (Pandit, Kolasa and Cottenie 2009) . We used the Kruskal-Wallis test to identify the significantly and differentially abundant phyla/classes, genera and metabolic phenotypes between different groups (core/satellite) or seasons (spring/fall) (http://pedagogix-tagc.univ-mrs.fr/courses/ statistics bioinformatics/practicals/microarrays berry 2010/). The Spearman correlation test was used to explore the relationship between environmental variables and the dominant prokaryotic phyla/classes, genera and metabolic phenotypes from different groups (core/satellite) or seasons (spring/fall). The false discovery rate (Benjamini-Hochberg adjustment) was used for multiple testing corrections (Benjamini and Hochberg 1995) .
Prior to the analysis of α-and β-diversity, the read number was normalized to 17 000 reads per sample. The α-diversity index of each sample was calculated by using the QIIME script 'alpha diversity.py'. The non-metric multidimensional scaling (NMDS) was used to display the β-diversity pattern of the prokaryotic taxonomic (OTUs) and functional (metabolic phenotypes) communities by using the Bray-Curtis distance (Hu et al. 2014) . The permutational multivariate analysis of variance (Adonis) was performed to test the statistical differences among the taxonomic and functional profiles of the prokaryotic between different seasons (spring/fall) or among different rivers (i.e. Fenghua, Yuyao, Yongjiang Rivers) (Hu et al. 2014) . The relationship between prokaryotic community structures and environmental variables as well as the α-diversity index was determined by using a stepwise distance-based linear model (DistLM) (9999 permutations) (Anderson 2004) . Before performing statistical analyses, highly autocorrelated environmental variables and α-diversity index (Spearman correlation: r > 0.75, P < 0.05) were removed. In addition, we used linear regression model to examine the relationship between geographic distances and similarities in prokaryotic taxonomic or functional profiles by using the following equation:
where S s is the pairwise similarity (Bray-Curtis similarity) of the community composition or metabolic phenotypes between the samples, D is the geographic distance among sampling stations and w represents the species turnover rate across spatial scale (Martiny et al. 2011) . The relationship between the residual BrayCurtis similarity after the removal of environmental effects (deduced from distance-based redundancy model) and geographic distance was explored to disentangle the effects of deterministic and stochastic processes (Louca, Parfrey and Doebeli 2016) . All the statistical analyses were performed using R v3.20 with the packages phyloseq (McMurdie and Holmes 2013), ggplot2 (Wickham 2016) , cluster (Maechler et al. 2012) , lmPerm (Wheeler 2010) , labdsv (Roberts 2007) , ComplexHeatmap (Gu, Eils and Schlesner 2016) and vegan (Oksanen et al. 2009 ).
Network analysis
The species-species associations within the core prokaryotic communities of the YRW from spring or fall seasons were explored by using Molecular Ecological Network Analyses Pipeline (http://129.15.40.240/mena/) (Deng et al. 2012) . Only core OTUs with occurrences (number of samples in which a given OTU was detected) ≥50% were used to construct the network. Spearman correlation coefficient was calculated for indicating the strength of association between different species. To facilitate the comparison with the topological properties of spring and fall networks, an identical similarity threshold was selected after threshold scanning by the random matrix theory-based approach. Hub and connector nodes (key taxa) within each network were identified based on their topological properties (i.e. Zi (within module connectivity) and Pi (among module connectivity)) as described previously (Deng et al. 2012) . The threshold values of Zi and Pi for identifying hub and connector OTUs were 2.5 and 0.62, respectively, as proposed by previous studies (Guimera and Amaral 2005; Olesen et al. 2007) .
RESULTS
Water quality characteristics of the YRW
The water quality parameters of the YRW measured in this study are summarized in Table S1 (Supporting Information) in the supplemental materials. PCA ordination revealed a discernible seasonal pattern of environmental variables and explained 60.4% of the total variation (Fig. S3, Supporting Information) . The Kruskal-Wallis test indicated that 10 out of 14 water quality parameters were significantly different between spring and fall seasons. For instance, pH and the concentrations of nutrients (NH 4 -N, NO 2 -N, NO 3 -N, DIN, TN, SRP and TP) were significantly higher in spring than those in the fall season, whereas river waters in fall had higher temperature as well as the DIN/SRP ratio (P < 0.05) (Table S1 and Fig. S3 , Supporting Information). In addition, the Mann-Whitney test indicated that the sampling stations (YY2-YY4) above Yuyao River Dam, the last two downstream stations (YJ5 and YJ6) of Yongjiang River, and station FH5 in upstream of Fenghua River had significantly higher DO concentration and DO% than in other stations (P < 0.001). Moreover, due to the influence of the seawater intrusion, the value of EC in the downstream stations (YJ3 to YJ6) of Yongjiang River was higher than 2.8 μs/m than that in the upstream stations (Table S1 ).
Overview of amplicon sequencing dataset
A total of 1521 907 high-quality reads were obtained in this study, and clustered into 29 297 OTUs at the cutoff of 97% identity after random resampling. A positive relationship between the mean abundance of OTUs and their occurrence was observed (R 2 = 0.81, P < 0.001) (Fig. 1A) . To avoid the artificial threshold (e.g.
>50% occurrence) identification of the core and satellite OTUs, the relationship between the index of dispersion and occurrence of OTUs was explored as described elsewhere (Fig. 1B ) (van der Gast et al. 2011) . The distribution of most of the OTUs (26 131) fit a chi-square test-based Poisson model that reflected a random distribution and therefore defining the satellite OTUs. In contrast, the remaining 3166 OTUs (10.8% of the total OTUs), exceeding 2.5% confidence limit line of chi-square distribution, formed non-randomly distributed core prokaryotic community of the YRW, and accounted for 87.4% of the total reads (Fig. 1B) . The niche breadth analysis indicated that the average niche breadth for core community (∼5.31) was significantly wider than that of the satellite community (∼1.82) (Kruskal-Wallis test, P < 0.001) (Fig. S4 , Supporting Information).
Significant changes in prokaryotic taxonomic communities between core and satellite groups or spring and fall seasons
Overall, the results of the taxonomic assignment indicated that Betaproteobacteria, Bacteroidetes, Actinobacteria, Alpha-and Gammaproteobacteria, Planctomycetes and Thaumarchaeota were the seven most abundant phyla and classes of the Proteobacteria, accounting for, 32.5%, 17.6%, 16.7%, 7.7%, 5.0%, 4.9% and 3.5% of the total community, respectively (Fig. 1C) . The Kruskal-Wallis analysis demonstrated that the dominant phyla including Betaproteobacteria, Actinobacteria and Thaumarchaeota were significantly rich in the core community with exception of Alpha-and Gammaproteobacteria that showed a reverse pattern (P < 0.05). In contrast, satellite community harbored a higher abundance of the phyla found in less abundant in the total community (relative abundance ranged from 0.3% to 2.3%), such as Verrucomicrobia, Acidobacteria, Deltaproteobacteria, Chloroflexi, Cyanobacteria, Firmicutes, Parvarchaeota and Nitrospirae (P < 0.01) (Fig. 1C) . Furthermore, in comparison with spring and fall seasons, only 4 of the 16 compared phyla showed significant differences. Where the relative abundance of Acidobacteria, Cyanobacteria and Nitrospirae were higher in fall, Firmicutes was found higher in spring season (Fig. S5 , Supporting Information).
At the genus level, 53 genera, with the relative abundances ranging from 7.14% to 0.05%, dominated in the YRW (Fig. 2) .
The Kruskal-Wallis analysis demonstrated that 19 genera with The OTU occurrence plotted against the index of dispersion for each OTU calculated as variance to mean ratio of abundance for each OTU. The red line represents 2.5% confidence interval for the X 2 distribution. OTUs that fall below the line follow a Poission distribution and are randomly distributed, whereas those above the line are non-randomly dispersed. Hence, the non-randomly and randomly distributed OTUs were considered as core and satellite taxa, respectively. (C) The relative abundance of the 16 most abundant phyla and the classes of Proteobacteria within core and satellite communities. Red stars indicate significant differentially abundant phyla/classes between core and satellite groups. Dark gray and gray colors represent core and satellite groups, respectively. relatively higher abundance, such as g C39, g Flavobacterium, g Fluviicola, g Limnohabitans, g Loktanella, g Methylotenera, g Nitrosopumilus and g Polynucleobacter, were significantly rich in the core community, whereas other 14 less abundant genera tended to occur more frequently in the satellite community (relative abundance <0.53%) (P < 0.05) (Fig. 2) . In addition, 24 out of 53 compared genera showed significant differences between the spring and fall seasons. The relative abundance of 20 genera (e.g. g Flavobacterium, g Dechloromonas, g Polynucleobacter, g Novosphingobium and g Mycobacterium) was higher in spring, whereas only g Synechococcus, g Nitrospira, g Giesbergeria and g Methylosinus occurred with higher abundance in fall season (Fig. S6, Supporting Information) . Spearman correlation analysis demonstrated that EC was the most frequent significant factor correlated with the dominant phyla in core and satellite communities (Fig. S7A , Supporting Information) or spring and fall communities (Fig. S7B) , although some inconsistencies were also observed. For example, Alpha-, Delta-, and Gammaproteobacteria, Chloroflexi, Nitrospirae, Thaumarchaeota and Parvarchaeota had positive correlations with EC, whereas significant negative relationships of EC were found with Actinobacteria, Bacteroidetes, Cyanobacteria and Verrucomicrobia. In addition, some nutrients tended to have negative correlations with a few phyla: i.e. (i) Actinobacteria versus NO 2 -N and SRP; (ii) Cyanobacteria versus NO 2 -N, SRP and TP; (iii) Nitrospirae versus NO 2 -N (Fig. S7A) ; and (iv) Alpha-, Delta-and Gammaproteobacteria, Thaumarchaeota and Pavarchaeota versus NH 4 -N (in spring season) (Fig. S7B) . However, we also found Firmicutes to be positively correlated with NO 2 -N, NO 3 -N and SRP in both the core and satellite communities (Fig. S7A) . Furthermore, at the genus level, EC and DO% were also the most frequent factors, significantly correlated with the dominant genera in each community (i.e. core and satellite, and spring and fall), while temperature, pH and nutrients (NO 2 -N, NO 3 -N and SRP) showed significant correlation with the genera in both core and satellite communities (Fig. S8, Supporting Information) . 
Significant changes in prokaryotic functional communities between core and satellite groups or spring and fall seasons
The functional profiles of the prokaryotic communities revealed the existence of 35 metabolic phenotypes (>50% occurrence) in the YRW. Among them, ammonia oxidizer, sulfate reducer, dehalogenation, nitrite reducer, nitrogen fixation, sulfide oxidizer, xylan degrader, sulfur oxidizer, degrades aromatic hydrocarbons, chitin degradation, sulfur reducer and denitrifying were the 12 most abundant metabolic features, accounting for, on average, 38.8%, 28.9%, 26.1%, 20.6%, 17.7%, 16.2%, 13.9%, 5.9%, 5.3%, 3.7%, 1.6% and 1.2% of the total community, respectively (Fig. 3) , whereas the proportion of other metabolic phenotypes ranged between 0.003% and 0.6%. The Kruskal-Wallis test indicated that 10 of the 22 comparisons were more abundant in the core group, whereas only four metabolic phenotypes including unknown features were more prevalent in the satellite community (P < 0.05) (Fig. 3A) . In addition, the comparison between spring and fall seasons suggested that 10 of 22 metabolic phenotypes had higher relative abundances in spring than in the fall seasons. However, the relative abundances of methane oxidation, pollutant degrader, TCE degrader and streptomycin producer exhibited a reverse pattern (Fig. 3B) .
Spearman correlation analysis demonstrated that the metabolic phenotypes of the core and satellite communities frequently correlated with temperature, pH, DO%, NO 2 -N, NO 3 -N, SRP and TP (Fig. 4A) . For instance, carbon fixation, chitin degradation, chlorophenal degrading, degrades aromatic hydrocarbons, denitrifying, lignin degrader, nitrite reducer, nitrogen fixation, sulfur oxidizer and sulfur reducer tend to have positive correlations with one or all of NO 2 -N, NO 3 -N, SRP and TP. Whereas negative relationships were found between temperature and several metabolic phenotypes. For spring and fall communities, only pH, DO%, NH 4 -N, NO 2 -N and NO 3 -N showed a few correlations with the metabolic phenotypes, especially for the spring community (Fig. 4B) .
α-and β-diversity of prokaryotic taxonomic and functional communities
A discernible seasonal pattern of prokaryotic taxonomic communities was revealed by the NMDS ordination (Fig. 5A) . The Adonis test showed considerable spatial (i.e. rivers) (R 2 = 0.18, P < 0.001) and seasonal (R 2 = 0.20, P < 0.001) variations in the compositions of taxonomic communities (Table 1) . A Venn diagram analysis provided further supporting evidence and demonstrated that 6288 OTUs (21.5% of the total OTUs) were shared between spring and fall communities (Fig. S9 , Supporting Information). Notably, prokaryotic communities from Yuyao River shared a low number of OTUs with Fenghua and Yongjiang Rivers. The Kruskal-Wallis analysis revealed that the fall community had the characteristics of higher diversity and richness, and more evenness than those of the spring community (P < 0.05) (Fig. 5B-D) . The Procrustes test indicated that the NMDS ordinations of core and satellite communities were highly concordant with that of the whole community (r > 0.98, P < 0.001) ( Fig. S10A and B, Supporting Information). Furthermore, the NMDS ordination analysis illustrated a less consistent ordination pattern of the metabolic phenotypes of prokaryotic communities (Procrustes test, r = 0.58, P < 0.001) ( Fig. 6A) , and the effects of season and location on the pattern of community functional profiles were relatively weaker (larger residuals) than those for taxonomic level (Table 1) . Moreover, the β-diversity patterns of the metabolic phenotypes of the core and satellite communities were also related to their counterparts (i.e. the β-diversity patterns of core and satellite taxonomic communities), but the association for core was weaker than the satellite communities (r = 0.55 vs. r = 0.74, P < 0.001) (Fig. S10 ). These patterns were also supported by Adonis analysis, which showed that season and location caused the highest explained variance for β-diversity of the satellite functional community (Table 1) .
In order to unveil the spatio-temporal distribution of chemolithotrophic ammonia-oxidizing prokaryotes (i.e. AOA and AOB) in the YRW, four AOA genera including Nitrosopelagicus (5 OTUs), Nitrosopumilus (37), Nitrosotenuis (3) and Nitrosophaera (3) as well as an AOB family Nitrosomonadaceae (133), which mainly consisted of genus Nitrosomonas, were identified. Overall, AOA and AOB-related sequences accounted for 3.4% and 0.7% of the whole community, respectively (Table S2 , Supporting Information). The NMDS ordination analysis also revealed a clear seasonal pattern of the ammonia-oxidizing prokaryotic community, which was closely associated with that of the whole community (Procrustes test, r = 0.75, P < 0.001) (Fig. 6B) . Based on the envfit analysis, temperature, EC, pH, nutrients (NH 4 -N, NO 2 -N and SRP) and the AOA/AOB ratio were significantly correlated with the β-diversity of ammonia-oxidizing prokaryotic communities. It was notable that the AOA/AOB ratio was significantly negatively related to NH 4 -N and NO 2 -N (r > 0.38, P < 0.05), while positively correlated with temperature and EC (r > 0.43, P < 0.05). At the spatial scale, Nitrosopelagicus and Nitrosopumilus were restricted at the stations with higher EC, whereas Nitrosotenuis, Nitrosophaera and Nitrosomonadaceae were mostly prevalent in the freshwater zones (Fig. 6C) .
Relationship of local environmental factors and taxonomic and functional profiles of prokaryotic communities
The stepwise DistLM analysis indicated that EC and DO% significantly explained a large proportion of the variance in the structures of prokaryotic taxonomic or functional communities, which ranged from 7.2%-38.8% and 5.9%-27.0%, respectively (Table 2 ). In addition, temperature explained 7.8%-22.2% of observed variation in taxonomic compositions of the whole, core and spring communities, whereas 15% of the observed variance in metabolic phenotypes of satellite community was explained by SRP (Table 2) . Other factors such as NH 4 -N, NO 2 -N, NO 3 -N, TP and community richness and evenness also significantly * * * , adjusted P < 0.001; * * , adjusted P < 0.01; and * , adjusted P < 0.05.
contributed to the explained variance for several DistLM models. Taken altogether, local environmental factors explained most of the variability either in taxonomic or functional communities (cumulative R 2 > 62%), except for the satellite taxonomic community (cumulative R 2 = 34.0%) ( Table 2) .
To distinguish the effects of environmental filtering and dispersal limitation on the β-diversity of prokaryotic taxonomic and functional profiles, the relationship between geographic distance and community similarity was explored. The results indicated that although significant distance-decay relationship (DDR) was observed for the total, core and satellite communities at both taxonomic and functional levels from spring and fall seasons ( Fig. 7 and Fig. S11 ), the residual similarities after the removal of environmental effects showed no significant or positive relationship with geographic distance except for the core taxonomic community in fall (Fig. 7B) .
Interspecies interactions in the YRW
Using the abundance data of core OTUs with >50% occurrence, the prokaryotic ecological network was constructed for each season. The topological structural analysis indicated that the networks followed scale-free power-law distribution, and exhibited small-world property in comparison with the random networks (Table S3 , Supporting Information). Furthermore, most of the topological indexes of fall network including the number of nodes and links, links per node, avgK and avgCC had higher values than those of the spring network, except for the values of GD, HD and M that were lower in the fall network. Despite these differences, both spring and fall networks harbored a high proportion of positive species-species associations (>96.5%) (Table S3 ). Five and four module hubs were identified in spring and fall networks, respectively (none of the hubs was shared by both networks), whereas only the spring network had a connector which belonged to Alphaproteobacteria (Fig. 8) .
DISCUSSION
Core OTUs determine the functional potential of YRW prokaryoplankton
It has been suggested for a long time that, due to the largest diversity of microbiota, species within a meta-community could be divided into core and satellite groups that represent the main functional potential and seed bank of biodiversity, respectively (Unterseher et al. 2011; van der Gast et al. 2011; Jeanbille et al. 2016; Lindh et al. 2017) . As such, partitioning core and satellite species based on their occurrence and abundance from a meta-community is a reasonable way for identifying the ecologically important taxa (Hanski 1982 ; Magurran and NS: non-significant (i.e. P > 0.05). * * * P < 0.001, * * P < 0.01, * P < 0.05.
a Whole, all the communities; core and satellite represented core and satellite communities, respectively; and spring and fall represents subcommunities from spring and fall seasons, respectively.
Henderson 2003; van der Gast et al. 2011) . The application of high-throughput sequencing technologies provided enhanced resolution which allows recruiting previous unidentified core microbial species that occur in low abundance in the environments (Jeanbille et al. 2016; Lindh et al. 2017) . Like other environments, the core bacterial communities were found to be persistent and ubiquitous in other rivers of the world such as Mississippi (Staley et al. 2015) , Danube (Savio et al. 2015) and Kalamas Rivers (Meziti et al. 2016) , hinting that core bacterial assemblage also play the prevailing role in fluvial systems. Our data provide support for these observations by using a statistical approach rather than an artificial threshold (van der Gast et al. 2011) , indicating that a small proportion of prokaryotic OTUs (10.8%), which was more affiliated with Betaproteobacteria, Actinobacteria and Thaumarchaeota, accounted for the most biomass of YRW prokaryoplankton communities (87.4%) with non-random distribution (Fig. 1) . Remarkably, our results indicated that core OTUs have wider niche breadths than satellite counterparts (Fig. S4) , which is in line with the speculation of Lindh et al. (2017) concerning on the potential link between core OTUs and habitat generalists. The advantages of habitat generalists for competing for widespread resources and resisting environmental disturbances (environmental tolerance) (Brown 1984; Slatyer, Hirst and Sexton 2013) might facilitate the core OTUs to become dominant and persistent in prokaryoplankton communities of the YRW. Numerous previous studies have employed metagenomics to characterize the metabolic functional potential of Figure 6 . (A) NMDS ordination with Bray-Curtis dissimilarity matrix based on the relative abundance of metabolic phenotypes of prokaryotic communities. 95% ellipses are constructed by using the 'ordiellipse' function of vegan package to illustrate the spring and fall samples; (B) NMDS ordination with Bray-Curtis dissimilarity matrix based on the relative abundance of OTUs related to chemolithotrophic ammonia-oxidizing prokaryotes (i.e. AOA and AOB). The environmental factors, which significantly correlate with NMDS axes (P < 0.01), are incorporated into plot using the 'envfit' function of the vegan package. (C) Species (OTUs) scores of four AOA genera including Nitrosopelagicus, Nitrosopumilus, Nitrosotenuis and Nitrosophaera and an AOB family Nitrosomonadaceae are plotted. Zi and Pi show how well a node was connected to the other nodes within its own module, and how well a node is connected to various modules, respectively (Deng et al. 2012) .
prokaryotic communities across a range of habitats at the gene content level (Gilbert et al. 2010; Burke et al. 2011; Fierer et al. 2012; Van Rossum et al. 2015) . However, the ability to establish the link between the gene-based pathway and phenotypic trait of microbes is still limited (Brbic et al. 2016) . To some extent, the relationship between functional gene abundance and the corresponding process is still under debate (Rocca et al. 2015) .
To circumvent this limitation, we used the METAGENassist tool (Arndt et al. 2012) , which harbored 106 annotated metabolic phenotypes, to profile the functional potential of YRW prokaryotic communities. Our data revealed that a large proportion of metabolic phenotypes (10 of 12 significantly divergent phenotypes between the core and satellite groups), irrespective of their contributions in YRW communities, had higher relative abundances in core than the satellite communities, hence providing a strong evidence for the major importance of the core OTUs in microbial community function at the metabolic phenotype level instead of at the gene content level in lotic systems. Predictably, the satellite community harbored a higher abundance of unclassified metabolic phenotypes (unknown) than those in the core community (Fig. 3A) . This is because of the significantly lower taxonomic resolution (phylum to genus) in satellite than that in the core communities (P < 0.001). Although the variations in most of the metabolic phenotypes, including ammonia oxidizers, nitrite reducer and denitrifying, may be ascribed to the co-contribution of numerous prokaryotic genera, several other specific phenotypes could be associated with certain genera: for example, (i) g Dechloromonas, g Flavobacterium, g Novosphingobium, g Rhodobacter and g Pseudomonas versus degrades aromatic hydrocarbons (Prince, Gramain and McGenity 2010) ; (ii) g Methylosinus versus methane oxidation and TCE degrader (Fitch, Speitel and Georgiou 1996) ; (iii) g Rhodoferax versus iron reducer (Weber, Achenbach and Coates 2006); and (iv) g Rhodobacter and g Synechococcus versus carbon fixation (Shively, van Keulen and Meijer 1998) . The coincidental variations in these metabolic phenotypes and their corresponding genera (for instance, in most cases, significantly higher abundances occurred in core than satellite groups) between different groups (core and satellite or spring and fall) provided further evidence for the above-mentioned associations (Figs 2 and 3 and Fig. S6 , Supporting Information). Yet, the relative abundance of several metabolic phenotypes either of core or the satellite communities was more apt to respond to the changes in temperature, pH and some nutrients (NO 2 -N, NO 3 -N, SRP and TP), but not on EC across sampling sites, supporting the conclusion of that energetic and stoichiometric constraints also shape the prokaryotic metabolic functions in lotic environments.
Spatio-seasonal variability of chemolithotrophic ammonia-oxidizing prokaryotes
Since AOA and AOB were assigned into ammonia oxidizers with numerous heterotrophic bacteria in METAGENassist database (David Arndt, personal communication), the taxonomic compositions of AOA and AOB were analyzed following the procedure described above. Mounting evidences suggest that because of the differences in ammonia affinity, AOA and AOB tend to occupy oligotrophic and eutrophic habitats, respectively (Schleper 2010) . As high concentration of nutrients were presented in the surface water of the YRW, it is as per expectation that AOB (Nitrosomonadaceae) dominated in the most of the samples of YRW (the AOA/AOB ratios in 18 of 29 samples were lower than 1) (Table S2 , Supporting Information). On the other hand, the relative contribution of AOA (indicated by the AOA/AOB ratios) generally increased from river to ocean, and from spring to fall seasons. Our results provide an important complement to a prior study, where both AOA and AOB played critical roles in the nitrification process of the YRW (Zhang et al. 2015) , but the contribution of each varied along the spatio-seasonal scales. Moreover, we found that the AOA/AOB ratio had a significantly positive correlation with g Nitrospira (r = 0.54, P < 0.01), suggesting that the seasonal variation in g Nitrospira may be closely associated with the shift in the composition of ammonia-oxidizing prokaryotes. The changes in temperature, EC and the concentrations of nutrients (i.e. NH 4 -N and NO 2 -N) at spatial or seasonal scale were also found to be responsible for the shift in the composition of ammonia-oxidizing prokaryotes (Fig. 6B) , which is in agreement with the observations of previous studies using amoA gene (the gene coding ammonia monooxygenase subunit α) as molecular marker (Caffrey et al. 2007; Urakawa et al. 2008; Herrmann et al. 2011; Damashek et al. 2015; Zhang et al. 2015) . Furthermore, seasonal variability of nutrient concentrations in the YRW might not only cause the changes in the abundances of nitrogen cycling-related metabolic phenotypes (for instance, higher relative abundances of nitrite reducer and denitrifying in spring) (Figs 3B and 4A) , but also lead to a succession of module hubs (key species for ecological network) between spring (copiotrophic Bacteroidetes and Comamonadaceae) and fall (oligotrophic Actinobacteria and Polynucleobacter) (Livermore et al. 2014) (Fig. 8) . Altogether, these results imply that the shift in the nutrient concentrations from nutrient-rich conditions in spring to relatively nutrient-deficient conditions in fall results in the significant modification in prokaryotic community functions.
Deterministic process shapes biogeographic patterns of the taxonomic and functional structure of core and satellite communities
It was observed that the PTC (whole, core and satellite communities) exhibited clear seasonal and spatial variations in the salinity-influenced YRW, although the distribution pattern was slightly more pronounced at the seasonal (spring versus fall) level than at the spatial (different rivers) level except for the satellite community. This is in accordance with the previous study in Kalamas River (Meziti et al. 2016) , but contrary to the findings of Fortunato et al. (2012) , where dramatic changes in the environmental conditions (i.e. salinity and depth) across river to ocean at spatial scale would overwhelm the seasonal variability of PTC in the Columbia River coastal margin. This contrast may be attributed to the following reasons: (i) the salinity (strongly correlated with EC) gradient (0.05 -15.59 ) in the YRW was much weaker than that in the aforementioned study (0 -30 ) (Fortunato et al. 2012) , although EC was one of the most important factors in determining the YRW PTC (Table 2) ; (ii) other environmental variables including temperature, pH, DO%, some nutrients and prokaryotic biodiversity together play more important roles in explaining variations in the whole, core and satellite PTCs (Table 2) ; and (iii) positive (mutualistic) speciesspecies interactions also play certain roles in driving the assembly of prokaryoplankton communities (Table S3 , Supporting Information). Nonetheless, it is notable that the spatial and seasonal variations in the functional structures of YRW prokaryotic community were relatively less conspicuous than those of PTC (except for satellite community) (Table 1 and Fig. S10 , Supporting Information). These patterns were partially reinforced by the stepwise DistLM analysis which indicated that several factors were related to seasonal environmental changes of the YRW. Apart from pH, other factors such as temperature, NO 2 -N, NO 3 -N and TP showed no or reduced effects on the structure of the metabolic phenotypes of whole and core communities. Reciprocally, a reverse trend was observed for spatial-related variables (i.e. EC and DO%) ( Table 2 ). In fact, salinity-induced metabolic adaptations are the primary factor dictating the taxonomic divergence of bacterial communities across the salinity gradient (Dupont et al. 2014) . Given the possible influence of dispersal limitation which is another process that can cause spatial variability in prokaryotic taxonomic and functional compositions (Nemergut et al. 2013) , we examined the DDR, accounting or not for environmental effects (Louca, Parfrey and Doebeli 2016) . Our results indicated that the DDR disappeared after accounting for the environmental effects, except for the core taxonomic community in fall. Collectively, it can be suggested that deterministic process (environmental and biotic filtering) drive the assembly of prokaryotic taxonomic and functional structure in the YRW. However, it is noteworthy that satellite taxonomic communities had higher spatial turnover rates than core counterparts (w of satellite > w of core, Fig. 7 ), suggesting that satellite groups had more restricted spatial distribution because of the effects of environmental filtering, which is in contrast with the findings of previous studies (Ulrich and Zalewski 2006; van der Gast et al. 2011; Barnes et al. 2016; Jeanbille et al. 2016) . However, the influences of undetermined environmental variables and other stochastic processes beyond dispersal limitation may also play certain roles in shaping the satellite taxonomic structures. One step further, our data reveal a reverse pattern for core and satellite functional communities (Fig. S11 , Supporting Information), suggesting differences in ecological mechanisms of spatial distribution between taxonomic and functional structures of core and satellite communities. The divergent patterns emphasized again that the taxonomic community fluctuation only partly mirrors functional community variation which is caused by metabolic niche effects in a salinity-influenced watershed .
CONCLUSIONS
Our study demonstrates that core prokaryoplankton taxa are persistent and ubiquitous in a salinity-influenced watershed (Yongjiang River Watershed), accounting for >87% of the whole community, and they may play a key role in determining the community functional potential (metabolic phenotypes). Our results show that seasonal variations in nutrient concentrations may cause changes in the relative abundance of some nitrogen cycling-related metabolic phenotypes, the composition of ammonia-oxidizing prokaryotes and module hubs (key species) in prokaryoplankton networks. More importantly, our study offers a deeper insight into the assembly mechanisms of fluvial prokaryoplankton communities, demonstrating that the environmental filtering rather than dispersal limitation is the primary mechanism driving the assembly of the whole, core and satellite prokaryotic communities at both taxonomic (OTUs) and functional (metabolic phenotypes) levels, although the β-diversity patterns of functional communities were partially coincident with those of corresponding taxonomic communities. Further investigations of prokaryotic communities in different fluvial ecosystems at large spatio-temporal scales are needed to fully understand the biogeographic pattern of fluvial microbial communities.
